The Huzhou mulberry-dyke and fish-pond system (HMFS) is a compound structure of agriculture with interaction among several subsystems, and it is an effective example of a circular economy by exogenous input and waste reduction to maintain a harmonious relationship between humans and nature. As increases in rural urbanization and transition of peasants occur, the traditional systems remain in a constant state of change, along with different kinds of adaptation models. In this study, two main existing models are examined by field investigation and extensive literature analysis. Emergy theory and methods are adopted to make a further quantitative analysis from emergy structure and indices synthetically and systemically. In this process, the models of HMFS are split into several subsystems, including mulberry dyke, fish pond, rape dyke, and silkworm, in terms of a modularization approach. The proportion of combinations among different subsystems is calculated by the average production level of local peasants. The empirical results of emergy analysis indicate that the two existent patterns of HMFS are themselves superior in terms of environmental capacity and commercial efficiency. The mulberry-silkworm-fish model possesses more sustainable characteristics than the rape-fish model by the mass flow and energy flux. In addition, the rape-fish model may obtain considerably better economic returns by more inorganic resources, and thus achieve higher economic benefits. Therefore, the rape-fish model may be an evolutionary model to make directions for further research and protection, while other adaptive units are introduced to form multiple systems.
Introduction
The mulberry-dyke and fish-pond system (MFS) is a compound agroecosystem comprising several different subsystems of mulberry dyke, fish pond, rape dyke, silkworm, and so on. By internal material circulation as well as energy flow, the balance and coordination between economy benefits and ecological functions could be realized [1, 2] . This system is mainly distributed in the Zhujiang Delta and Taihu Basin (e.g., Huzhou City), and also spreads over low-lying land in China, such as the Three Gorges Reservoir [3] [4] [5] . With the economic development and social transition, various forms of MFS management patterns have been springing up through the addition and deletion of modules.
In the region of Huzhou City, the MFS originally started from mulberry-silkworm-fish, and was then later enriched into crop-pig-fish, crop-fish-sheep, rape-fish, and so on [6, 7] . Additionally, the interaction among subsystems has been weakened, or even ruptured, because of base collapse, pool eutrophication, a larger scale of fish pond, and so on in recent years [8] . Therefore, the extensive management and insufficient utilization of module resources have become serious obstacles to the protection and sustainable development [9, 10] .
In order to probe the harmonious and balanced coexistence of the natural environment, social economy, and national culture, the program of Globally Important Agricultural Heritage Systems (GIAHS) was launched by the Food and Agriculture Organization (FAO) of the United Nations in 2002 [11] [12] [13] . The Huzhou mulberry-dyke and fish-pond system (HMFS) was designated as one of the GIAHS pilot sites in 2017 [14] . HMFS has had a long history of over 2500 years, with a wealth of traditional and agroecological knowledge [15, 16] . However, the system is experiencing recombination and revolution, especially with respect to the composite structure and subsystem modules, due to rapid developments in rural economy and society. This project has attracted the increasing attention of many researchers from various disciplines, and plays an active role in giving support to related research work. Gu et al. [3] combed research achievements in origins and concepts, structure and function, promotion and application, and so on. Ye et al. [17] analyzed the four phases of HMFS performance, and then further emphasized their practical significance to conservation. Wu et al. [18] estimated the condition of HMFS qualitatively, and proposed some concrete implementation measures. Additionally, Li et al. [19] proposed a new pattern of mulberry-(grass)-fish with better benefits the economy and ecology in 1989.
The MFS studies for the Zhujiang Delta may offer a more comprehensive qualitative and quantitative analysis by intensive and extensive investigations. Zhong et al. [2, [20] [21] [22] [23] originally discussed the proportion and types of base and pond, plant structure, and economic and ecological benefits, and then considered the operating mechanization of material flows, energy flows, and economic flows in detail. The energy conversion processes of the base dyke were expounded based on energy balance equations, and the ecological values of water balance were assessed [24, 25] . Appraisals among various patterns under the different conditions of developing stages have been done, and a series of evaluation indices have been settled simultaneously [26, 27] . In addition, Li et al. [28, 29] and Yue et al. [30] proposed that more ecological values and commercial benefits of the dyke pond system be produced than the conventional ways of agricultural production in the Three Gorges Reservoir. For example, the economic effects of the dyke ponds were estimated to be about 125,986 Yuan [29] . Therefore, available research on MFS is mostly concentrated on the regions of the Zhujiang Delta and Taihu Basin from macroscopic and microscopic perspectives. The quantitative analysis of HMFS is deficient and lacks integrated indicators. Meanwhile, evaluating the resource usage of the major models could help us to realize the present position, and then should be the first essential step to advancing the sustainability of HMFS growing in adaptable systems.
The theory of emergy was established by Odum in the 1980s, and is a combination involving ecology and economy subjects. According to this theory, different kinds of inputs and outputs can be transformed into the same energy, which is generally expressed by solar energy equivalents to allow comparisons across various HMFS models [31, 32] . Moreover, a set of emergy-based index systems have been brought up and applied to appraise the values of regional natural resources and economic performance, agricultural complex ecosystems, single industries, and others [33] [34] [35] [36] [37] [38] . Therefore, this paper will attempt to incorporate the emergy methods into two main existing models of HMFS. Each subsystem will also be assessed in emergy structure in terms of the modularization approach. Ultimately, the differences between HMFS models will be useful to realize the status quo and sustainability of the systems, and the directions and measures of protection and development for the future will also be embodied.
Materials and Methods

Huzhou Mulberry-Dyke and Fish-Pond System (HMFS)
HMFS stems from an ancient construction for water conservancy, "Vertical River and Horizontal Pool", to relieve flooding disaster for low-lying waterlogging regions in the south of Taihu Basin. The region of Huzhou City is characterized by higher drainage density and there are many pools, rivers, and harbors in this area. Coupled with precipitation and temperature conditions, all these natural surroundings are favorable to the formation of HMFS. Additionally, the superior social economic terms have promoted and produced diversified patterns during management and operation. These evolutional modes profit from advanced techniques and economic performances. However, another result is the gradual weakening of links among several subsystems, which eventually gives rise to the degradation and recession of HMFS. In order to make a systematic and complete research on this circulation system, HMFS is defined as dyke pond systems to combine the industries of plant, aquaculture, and processing by reciprocation between base and pool.
In this paper, the two common models of mulberry-silkworm-fish and rape-fish are selected and separated into units. Mulberry-silkworm-fish is the most traditional and original model, including three units of mulberry planting on the base, fish feeding in the pool, and silkworm rearing. Silkworms are raised with mulberry leaves after they have hatched, and their chrysalises are poured into the fish pond as fodder. The excrement of silkworms and pond sludges comprising fish feces fertilize soils of dyke. The rape-fish model has been a burgeoning structure for the last few years, and it is marked by crop rotation on land. Farmers are used to cultivating soy beans from June to November and growing rapes in succession. Therefore, the procedures of this engineering are as follow.
Plant and fish waste feeds the fish and nourishes the pond, and in turn, organic rich mud is annually dug from the pond bottom and spread as fertilizer over the dyke. Throughout the whole year, the mud running off from the dyke gradually returns to the pond bottom, where its nutrients are restored.
Research Methods
HMFS contains a wealth of heritage values, and it is not only abundant in economic returns, but also with rich ecological functions and corresponding cultural and educational values. At present, the local villagers pay excessive attention to economic interests, which results in environmental deterioration and loss of aesthetic appreciation at the scenic sites. This research adopts emergy theory and methods to make a reasonable and comprehensive evaluation on HMFS. The complicated systems are split into several interdependent modules as subsystems with modularized ideas. The integrated emergy indices are designed to identify and differentiate the efficiency and sustainability of the two ubiquitous models. Based on the above analysis, the obtained results may aid in analyzing circumstances and limitations of different HMFS models, and then making appropriate improvements for future conservation.
Emergy refers to the amount of available energy used on a space-time scale of the biosphere directly and indirectly to make products or services expressed as solar emjoules per joule (sej) [31] . Thus, emergy and emergy monetary values of each energy or material are calculated and compared in production activities. All the system inputs can be divided into four parts: Free local renewable resources (R), free local nonrenewable resources (N), renewable purchased organic resources (T), and nonrenewable purchased supplemental resources (F). Generally, exports are categorized into consumptive product (Y 1 ) and unserviceable product (Y 2 ), as depicted in Table 1 [39, 40] .
Both subsystems and compound models are explored and discussed from input and output. The detailed emergy flows are presented with figures and tables according to small-scale farmers' behaviors. Additionally, per unit area of pond is matched by the same size of base dyke in agricultural production. Solar transformities of related materials and energies are revealed in Table 2 .
Energy system language is also employed to generate pathways illustrating a model. Firstly, the system boundary of HMFS must be drawn from others, and mechanisms of interior structures and external connections are reflected from an energy flow diagram. Then, a series of emergy indices are established to measure economic and ecological benefits. The emergy investment ratio (EIR), the environmental loading ratio (ELR), the emergy sustainability index (ESI), the system stability (SS), and the emergy ratio of wasteful to renewable resources (WR) are criteria for environmental quality, and the emergy yield ratio (EYR), input and output ratio (ROI), and the emergy monetary value (EMV) are economic standards [36, 41, 42] (Table 3) . Table 3 . Emergy indices of ecology and economy.
Standard Index Expression
Ecology
EM i is the solar emergy of i energy; EMV i is the value of i emergy.
The EIR represents the contribution degree of natural surroundings and resources exploitation, which is larger to use advanced technology in agricultural production with rapid economic growth. The ELR is the emergy proportion of nonrenewable resources to renewable resources. As the ELR increases, it means to bring about more pressures on the carrying capacity of an agroecosystem. The ESI depends on production efficiency and the emergy structure of models. The SS is an aggregate indicator of automatic regulation, and it could also manifest as the stability characteristic of the whole system. The WR indicates product availability of all exports and stresses of wastes on environment. The EYR weighs resource utilization and evaluates agricultural performances. The efficiency of purchased energy can be estimated by the ROI.
Data Collection
To capture agricultural production behaviors of the HMFS, a farm household survey was conducted from March to April in 2017. The sample points lie in the core of the GIAHS sites, which contains the Digang Administrative Village and Shezhong Administrative Village. The mulberry-silkworm-fish model is widespread and traditional in these central zones. Additionally, the emerging rape-fish model has been popular with local farmers these years, so Xindi Administrative Village is also introduced in the semistructural interviews. Therefore, this paper takes the two examples of existing operating models, rape-fish and mulberry-silkworm-fish, to analyze and realize the present situation that HMFS has encountered.
As explained below, the special in-depth questionnaires involved the basic information of peasants and agricultural performances for each subsystem. Forty households engaged in HMFS were set at random in every village. Eventually, only one hundred were propitious and then used to estimate the HMFS values of emergy and economy, with an efficiency rate of 83.3%.
Results
Emergy Analysis on Subsystems
Emergy Inputs and Outputs of Mulberry Dyke
The mulberry dyke is a cardinal primary producer because of plant photosynthesis, and the diversity of mulberry cultivars could endanger differences in emergy values for both inputs and outputs. In production practices among small scale farmers, the mulberries for plucking leaves and picking sorosis are two common types, and the former mulberries need importing 8.9 × 10 15 sej solar emergies, while the latter are 9.3 × 10 15 sej per unit area. As shown in Table 4 , renewable organic energies could account for 75% in all inputs, and the majority are organic fertilizers, which intimates that this subsystem can adjust itself constantly to fit in with changes in the external environment. The embodied emergies of renewable resources are 6.3 × 10 15 sej, which is up to 71% in the total inputs. Thus, the results show that mulberry dyke is at a higher level of sustainability. However, for export products, only over 10% of the total outputs are pressed into service with leaves obtained. 
Emergy Inputs and Outputs of Fish Pond
Pond fishes usually grow from April to December in a year, and the frequency of management is not consistent in different periods. According to the survey results and related standards, ponds usually take 30 h in the month of April, 60 h in May, 90 h in June, 720 h from July to September, and 360 h between November and December. Thus, labor force inputs for one year amount in the aggregate to 157.5 man-days per unit area (one man-day is eight hours). In ancient times, the local villagers used to adopt black carps, grass carps, silver carps, and bighead carps in a hierarchical way. However, a single breed in aquiculture has been the major tendency on a larger scale recently.
From the results of investigations and analyses, fish ponds are in demand of 4.0 × 10 16 sej solar emergies when exporting something twice as much as possible, as shown in Table 4 . The ratio of nonrenewable purchased supplemental energy to renewable purchased organic energy is 0.44, and mechanical power occupies a larger portion than the other purchased resources. The fingerlings and fodders make up 80% of all organic energies, which exerts an important influence and plays a decisive role in the system yields. Thus, this means that fish pond subsystem could create greater economic benefits by adding more organic resources. In addition, the pond output comprises a single product, which may increase utilization efficiency and destabilize the system in reverse.
Emergy Inputs and Outputs of Rape Dyke
On rape dyke, local farmers usually alternate their crops to improve and retain soil fertilization, and they grow rapes from November to May and soybeans from June to October in rotation. The emergy inputs of rape cultivation are slightly more than those of soybean operation, and the same is true for outputs. In agricultural practices, 5.3 × 10 15 sej solar emergies are poured into rape fields, and ultimately 4.0 × 10 16 sej goods can be obtained, which is superior to the mulberry dyke subsystem in this sense. However, the energy structure and distribution are not irrational, as the weight of renewable resources is less than 10% and reveals a decreasing share on the whole inputs. Therefore, a larger proportion of nonrenewable resources will result in an absurd system structure, and further cause pressures and endangerments to ecosystem environment and sustainability.
Emergy Inputs and Outputs of Silkworm
Silkworm culture requires stringent conditions in temperature and asepsis, and different quantities of mulberry leaves are in need for each instar. In the region of Huzhou City, it takes about 20 days to go from egg to adult silkworm in each season. Based on previous studies of practical experience and theoretical analysis, spring silkworms and autumn silkworms are generally preferred, as the two seasons are better positioned for breeding and growth. As seen in Table 4 , silkworms could take full advantage of mulberry leaves and then improve the efficiency of energy and material. From the perspective of emergy structure, organic energies occupy a larger proportion of the whole inputs, and human resource is the most primary factor. Therefore, silkworm subsystems could be regarded as a labor-intensive sector, and when labor costs raise rapidly in the east of China, this subsystem is facing the crisis of exhaustion.
Inputs and Outputs of the Two Exiting Models
The two models of mulberry-silkworm-fish and rape-fish are currently typical and representative of HMFS. Base and pond are deemed to be constructed with the same ratio of combination. Both of the patterns are assembled with related subsystems and mechanisms. For the mulberry-silkworm-fish model, one hectare mulberry field could support 30 pieces of silkworm eggs, and dyke and pond also contact each other in the same coverage. Except for the internal provision from material recycling and energy flowing, 4.3 × 10 16 sej purchased emergies are introduced. Finally, 8.7 × 10 16 sej consumptive products and 1.7 × 10 15 sej unserviceable products are attained. In addition, the emergy rate of available product to artificial supplementary is 2.07, and the efficiency of resource utilization has been improved. However, the total output of this system is restricted and limited by the fish sector.
The rape-fish model comprises rape (soybean) dyke and fish pond, and one hectare pond is equipped with the same area of dyke. Farmers usually rotate their crops to keep the soils fertile and to raise yields on the land. Moreover, the rape dyke could generate 2000 kg rapeseeds and 1000 kg beans, less than 10% of which are offered to the other subsystem. Then, other fodders of 1.0 × 10 16 sej solar emergies are imported into the fish pond to bridge the gap. Finally, the expedient products are acquired from the two subsystems in equal portions, and the wastes are only 1.8 × 10 16 sej emergy in Table 5 . 
The Emergy Indices of Two Exiting Models
The mulberry-silkworm-fish system could produce 5.1 × 10 10 Yuan emergy monetary values with 2.8 × 10 10 Yuan costs (Table 5 ). In accordance with Table 3 , the EIR could arrive at 9.56 because of more external energies and expenses. However, each joule of energy has been utilized adequately to achieve higher productivity. The figures of EYR and WR are 2.07 and 0.04, respectively. Further, the quotas of ELR and ESI are 0.64 and 3.23, which means to create fewer pressures and more benefits on the ecology. The index of SS is below zero under such a system framework; therefore, this type is relative to fewer connections among subsystems and a less debasing stability of HMFS.
The rape-fish system requires 9.3 × 10 9 Yuan industrial materials and 1.5 × 10 10 Yuan organic resources, and 7.0 × 10 10 Yuan serviceable products are finally formed and completed. Due to internal circulating being partially transformed, the EIR has fallen to 9.11. In addition, the system must also be obliged to put more nonrenewable resources to achieve higher EYR and simultaneously minimize waste emissions. The environmental sustainability can also be revealed from Table 6 . The rape-fish system may have a negative influence on the ecology, as the indices of ELR and ESI are 0.80 and 3.67, respectively. Therefore, the inputs and outputs of energy in this modality tend to be volatile, and this structure will hinder the realization of the target to create a sustainable development. 
Discussion
Though each subsystem requires renewable and nonrenewable resources during production, the module of the fish pond receives the largest slices of emergy values. Renewable organic resources could also account to 62.5% to raise the yields of pond fish. When some of these units are assembled, the HMFS models of mulberry-silkworm-fish and rape-fish are not only able to cut down inputs, but also increase outputs by positive ecological feedback. For the mulberry-silkworm-fish model, 9.0 × 10 12 sej silkworm excrement is poured into the fish pond and 1.2 × 10 9 sej aquatic fecal pellets return to mulberry dyke, except 1.7 × 10 15 sej mulberry leaves. Thus, it can obviously make full use of outputs and improve energy efficiency compared with each single module. The rape-fish system is mainly compensated by 1.2 × 10 9 sej organic fertilizers from aquafarm, so it could reduce accessorial investments as a whole, while raising available products. Therefore, both of the two models could create high ecological benefits and economic values, as per previous studies [7, 26, 43, 44] .
In this paper, the two existing models were evaluated and contrasted from ecology and economy perspectives by emergy indices and emergy monetary values. We chose the EIR, ELR, ESI, SS, and WR for ecology assessment and the ELR and ROI for economic measure. Additionally, the emergy structure could also reflect the ecological values of HMFS in Table 7 . The rape-fish inputs were more than mulberry-silkworm-fish inputs, and the same was true for nonrenewable resources. In model 1, many more renewable factors were introduced to promote internal circulation, especially human resources. Therefore, the system with three parts can better satisfy the requirements of sustainability, while the other model could generate more serviceable products. For ecological indicators, the EIR, ELR and SS of model 1 are better than those of model 2, while the WR and ESI are in reverse. This indicates that the existent types have themselves superior ecological benefits and economic values, but model 1 possesses more sustainable characteristics than model 2 in terms of the mass flow and energy flux. The EYR reveals that inorganic resources in model 2 are exploited adequately to increase productivity, especially for chemical fertilizers and pesticides. The RIO also indicates that the second pattern could pay back excellent values for fixed investments.
As a result, the emerging rape-fish model of HMFS may obtain considerably better economic returns. Nonetheless, it has engendered stresses on the environment and carrying capacity due to its more inorganic resources, and lacks stability with a simplistic network of energy and material transfer. In addition, the crop straws of base have not been utilized rationally and the immediate and direct consequence of wasteful resources is serious pollution. Therefore, cultivating rapes and soybeans has replaced mulberry and silkworm subsystems and made it easier to alleviate conflict among local villagers in terms of the short supply of labor force, hence why the rape-fish model is an adaptive and evolutional pattern of HMFS, provisionally.
Driven by financial incentives, people in local sites tend to extend ponds with a decreasing proportion of base to pond. These behaviors may directly cut partial linkages of material and energy and even further cause deterioration of system constancy. Then, more industrial energies purchased from human society will be necessary in the next step. All of these performances will lead to an undesirable operation on ecological functions from HMFS. Therefore, HMFS is facing a compromised risk and threatening the sustainability of GIAHS to a certain degree [9, 45] .
This research only estimated the economic and ecological benefits by emergy structures and indices. In reality, emergy values are not great guarantees of legacy worth in terms of natural policies and the nature of commodities, such as necessities and luxuries [46] . In addition, as one of the GIAHS sites, HMFS plays an important role in society, culture, scientific research, demonstration, education, and others [13, 47] . For example, it is full of original spirit properties and embodies many elements of Chinese civilization. The authors made a macro overall evaluation on the whole system regardless of its inner composition, such as the ratio of dyke to pond and the diversities of pond fish. These details are closely concerned with coordination and mechanism, and then significantly influence the evaluation.
Conclusions
It is evident that HMFS has considerably better ecological and economic profits with the circulation of materials and energies. The mulberry-silkworm-fish model needs 4.7 × 10 16 sej solar emergies to release 8.7 × 10 16 sej consumptive products and 1.7 × 10 15 sej unserviceable products, while the rape-fish model could produce 1.2 × 10 17 sej emergies with 4.2 × 10 16 sej investments. However, the defects of these systems still exist, owing to unrenewable inputs and unserviceable outputs.
The emergy indices suggest that the mulberry-silkworm-fish model is slightly more stable than the rape-fish model, and the latter can achieve higher efficiency and income during agricultural procedure. Both types are superior in ecological benefits and economic values, especially in sustainability and efficiency, and the MFS models in the Zhujiang Delta also demonstrate the advantage of better efficiency, with coordination and balance abilities [43] .
With the background of an ecological civilization, HMFS has prominent preponderances to achieve green development. However, with economic developments and labor cost rises, the circulation networks and mechanisms will gradually be diminished and more inorganic substances are coming into use as substitutes. Each of the patterns has presented its related transitions for acclimation. The integrated emergy and economic evaluation are used to identify and contrast various models, and then HMFS will arrive at the optimal pattern to coordinate economic growth and GIAHS perpetuation.
The empirical results show that the emerging rape-fish model could boost sustainable development and initiative conservation, while more nonrenewable resources are required. However, this could give directions for future research and protection. Many adaptive units have been tested and can serve as several sections of HMFS to form diverse multiple systems. Therefore, encouraging new modules and composite structures may be an effective entry point to conserve HMFS and achieve sustainability. Based on the local status, appropriate selection and combination require further studies, and the optimal structure will also be formed in the future. In addition, establishing reasonable HMFS models is in demand of technical support to maintain and develop them in terms of interaction and mechanism.
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